NEW  YORK  UNrV£R«TY 

INSTITUTE  C.  MATHEMATICAL  SCIENCF . 
AFCRC-TN-59-596  LIBRARY 

25  Waverly  PJace,  New  York  3,  N.  t. 
V^EETPR^^ 


^^cccxx+ 


NEW    YORK    UNIVERSITY 

Institute  of  Mathematical  Sciences 
Division  of  Electromagnetic  Research 


RESEARCH    REPORT    No.    EM-145 


A  New  Method  for  the  Determination  of  Far  Fields 
With  Apph'cations  to  the  Problem  of  Radiation 
of  a  Line  Source  at  the  Tip  of  an  Absorbing  Wedge 


F.  C  KARAL,  JR.  anci  S.  N.  KARP 


Contract    No.    AF    19(604)5238 
SEPTEMBER,    1  959 


AFCRC-TN-59-596 


NEW  YORK  UNIVERSITT 

Institute  of  Mathematical  Sciences 

Division  of  Electronagnetic  Research 


Research  Report  No.  EM-llt5 


A  NEW  METHOD  FCR  THE  DETERMINATION  CF  FAR  FIELDS 

WITH  APPLICATIONS  TO  THE  PROBI£M  OF  RADIATION 
OF  A  LINE  SOURCE  AT  TPE  TIP  OF  AN  ABSORBING  WEDCE 


F.C.  Karal,  Jr.  and  S.N.  Karp 


F.C.  Karal,   Jr.    ' 


Jkk. 


S.N.  Karp 


Ih'.  Werner  Gerbes      ^ 


Sidney  Borcwitz 

Acting  Director  Contract  Monitor 

The  research  reported  in  this  dociment  has  been  sponsored 
by  the  Electronics  Research  E4rectorate  of  the  Air  Force 
Cambridge  Research  Center,  Air  Research  and  Development 
Coranand,  under  Contract  No.  AF  19(60ii)5238. 


Requests  for  additional  copies  by  Agencies  of  the  Department  of 

Defense,  their  contractors,  and  other  Government  agencies  should 

be  directed  to  the: 

ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
DOCUMENTS  SERVICE  CENTER 
ARLINGTON  HALL  STAHON 
ARLINGTON  12,  VIRGINIA 

Department  of  Defense  contractors  must  be  established  for  ASTIA 

services  or  have  their  » need-to-know'  certified  by  the  cognizant 

military  agency  of  their  project  or  contract. 

All  other  persons  and  organizations  should  apply  to  the: 

U.S.  DEPARTMENT  OF  COMMERCE 
OFKTCE  OF  TECHNICAL  SERVICES 
WASHINGTON  25,  D.C. 


i  - 


Abstract 

A  new  sirnple  operational  method  for  the  detemiination  of  the  diffracted 
far  field  for  wedges  with  impedance  boundary  conditions  is  presented.  The 
exterior  angle  of  wedge  is  2n  -  —  ,  where  n  is  an  integer.  The  excitation 
may  be  either  an  incident  plane  wave  or  a  line  source.  The  method  is  des- 
cribed in  detail  for  the  case  of  an   absorbing  wedge  with  a  line  source  located 
at  the  tip.  Several  examples  are  given  to  illustrate  the  method.  It  is  also 
shown  that  the  method  can  be  applied  directly  to  the  classical  problem  of 
perfectly  conducting  wedges. 
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I.  Introduction 

In  this  paper  we  present  a  simple  method  for  the  determination  of  the 
diffracted  far  field  for  wedges  with  impedance  boundary  conditions.  The 
excitation  may  be  either  an  incident  plane  wave  or  a  line  source  located 
£t  the  tip  of  the  wedge.  The  latter  case  is  emphasized.  The  impedance 
boundary  condition  considered  here  is  valid  for  the  case  of  an  absorbing 
surface.  The  method  to  be  described,  however,  need  not  be  restricted  to 
absorbing  surfaces  but  also  applies  to  surfaces  that  support  surface  waves. 
Several  examples  are  given  to  illustrate  the  method.  It  is  also  shown  that 
the  simple  method  developed  here  can  be  applied  directly  to  the  classical 
problem  of  diffraction  by  a  perfectly  conducting  wedge  or  half  plane. 

The  impedance  boundary  conditions  prescribed  on  the  wedge  surfaces  are 
given  by 


i-pi  -h^l^^^O  0=0 


(1-1) 


§f  -^  ^"^  (1-2) 

where  u  is  the  z-component  of  the  magnetic  vector,   r  and  9  are  the  usual 
polar  coordinates,  a  is  the  angular  space  for  which  the  solution  is  desired 
and  X  is  a  constant  characteristic  of  the  wedge  surface. 

When  the  surface  is  absorbing  the  value  of  X  is  given  by 

A  »  Us  (1.3) 

where  k  is  the  free  space  propagation  constant  and  s  is  a  real  positive  parameter 
characteristic  of  tte  absorbing  material.     By  an  absorbing  surface  we  mean 
a  plane  surface  or  screen  that  absorbs  a  maximum  amount  of  radiation  for 
certain  angles  of  incidence  of  an  incoming  plane  wave.     If  the  parameter  is 


-2- 

restricted  to  lie  between  0  and  1,   the  screen  absorbs  all  radiation  for 
some  particular  direction  of  incidence  and  partially  absorbs  radiation  for 
other  angles  of  incidence.     Hence  the  absorbing  surface  under  discussion 
here  can  act  like  a  black  screen  for  certain  directions  of  incidence.     For 

r2i 

additional  information  on  absorbing  surfaces  see'--',  and  for  information  on 
diffraction  by  black  screens  see  Baker  and  Copson'--'. 

The  problems  treated  here  are  not  separable  because  of  the  mixed  boundary 
conditions.  It  is  possible,  however,  to  introduce  an  operator  L  which  defines 
an  auxiliary  function  Lu  =  v,  such  that  the  auxiliary  function  satisfies 
the  wave  equation  and  simple  homogeneous  boundary  conditions  on  both  wedge 
surfaces.  Once  the  auxiliar/  function  is  found,  and  this  is  not  difficult, 
the  original  field  could  be  determined  by  solving  a  partial  differential 
equation.  The  boundary  conditions  in  the  original  problem  and  certain  necessary 
continuity  conditions  are   then  imposed  which  allow  one  to  obtain  an  exact 
formal  solution  valid  for  the  entire  region  of  physical  space.  This  basic 
idea  is  due  to  Stoker'--'  and  Lewy'--'  and  has  been  adapted  by  the  authors  to 
the  solution  of  problems  in  diffraction  theory.  See  L  J  "  >-  J  ,  However,  if 
only  the  radiated  far  field  is  desired,  it  is  possible  to  proceed  in  a  much 
more  simple  and  direct  manner  that  avoids  completely  the  detailed  formal 
analysis  which  is  quite  lengthy  and  complicated.  It  is  this  simple  and  power- 
ful method  that  is  one  of  the  main  results  of  this  paper.  The  other  new 
results  relate  to  the  excitation  of  an  absorbing  wedge  by  a  line  source  at 
the  tip. 

In  Section  II  we  determine  the  operator  L  that  transforms  the  original 
impedance  boundary  conditions  into  simpler  boundary  conditions  involving  an 
auxiliary  function  whose  solution  is  known.  In  Section  ni  we  make  use  of  this 
operator  and  examine  the  problem  of  an  incident  plane  wave  striking  a  wedge 


of  angle  ip  (e^cterior  angle  2n  -  -^ ,  where  n  is  an  integer,  when  an  impedance 
boiindar^'  condition  is  prescribed  on  the  upper  wedge  surface  and  a  normal 
derivative  boundary  condition  is  prescribed  on  the  lower  wedge  surface.     The 
radiated  far  field  is  determined  as  a  quotient  of  two  trigonometric  expressions^ 
The  numerator  contains   a  set  of  unknown  constants.     The  denominator  has  a 
corresponding  number  of   zeiDs  which  would  lead  to  undesirable  shadow  lines 
in  the  pattern.     The   constants  in  the  numerator  are  then  so  determined  as  to 
eliminate  these  inadmissible  poles  or  shadow  lines. 

The  principal  section  is  Section  17.     In  that  section  we  determine  the 
radiated  far  field  of  a  line  source  located  at  the   tip  of  a  wedge  of  exterior 
angle  2n  -  -x—  when  an  impedance  condition  is  prescribed  on  the  upper  face,   and 
a  Neumann  condition  is  prescribed  on  the  lower  face. 

Section  V  is  devoted  to  illustrative  examples  of  the  general  result  of 
Section  17. 

In  Section  71  it  is  shown  how  the  method  we  have  described  can  be  employed 
in  the  direct  derivation  of  the  diffraction  pattern  for  perfectly  conducting 
wedges.     In  order  to  illustrate  a  certain  alternative  which  is  available  in 
the  application  of  the  preceding  method  we  determine  various  constants  in 
the  far  field  amplitude  for  diffraction  by  a  conducting  half  plane  and  for  a 
right  angled  wedge  by  the  use  of  the  reciprocity  theorem  rather  than  by  the 
method  of  regularity  (iwa.,avoidance  of  undesirable  poles  or  shadow  lines) 
which  we  exploited  in  the  preceding  sections. 

II,       Determination  of  Operator 

In  the  problems  that  follow  we  shall  need  an  operator  L  that  transforms 
the  impedance  boundary  condition  given  by 


-u- 

m^Au^o 

»  =o 

Hi      -0 

»     -Of 

(2-1) 
(2-2) 
into  the  simpler  boundary  conditions  given  by 

V    =    O  0    ^   O  (2-3) 

|g  =  ^  a  »  o<  (2-u) 

From  Stoker's  paper  on  water  waves'-  -^,  we  are  led  immediately  to  the  following 
operator 

>-  '^I.C-^^fO^A  (2.5) 


where 


Cf(^^^) 


'^^se"**""   '         k=Zj4; 2f?  (2-6) 

and  D  is  the  complex  operator  ^  .  Along  the  real  axis  D  has  the  value  r-  , 
and  along  the  imaginary  axis  the  value  vi i  i  .  Hence  the  appropriate  operator 
for  a  wedge  of  angle  •x-  with  an  impedance  boundary  condition  on  the  upper 
surface  and  a  zero  normal  derivative  condition  on  the  lower  surface  becomes 


L  =  -^^  {a^ "fii+c^^ij  -^] 


(2-7) 


The  transformation  that  simplifies  the  original  boundary  conditions   (2-1) 
and  (2-2)  is 

V    s   LUL  (2-8) 

We  make  the  important  observation  that  the  same  operator  and  transformation 
applies  to  the  case  of  a  wedge  of  twice  the  exterior  angle  when  the  lower 


face  has  the  same  impedance  boimdary  condition  as  the  upper  face.     This 
fact  follows  immediately  from  symmetry, 

III.     Diffracted  Far  Field  Cue  to  an  Incident  Plane  Wave 

Consider  a  wedge  of  angle  -k^  ,  where  n  is  an  integer,  defined  by  the 
surfaces  6=0  and  6  «  a  as  shown  in  Figure  I.     In  the  angular  region 
0  <  e  <  a  we  assume  that  we  have  free  space.     A  plane  wave  Uj  ,  whose 
magnetic  vector  is  linearly  polarized  in  the  z-direction,   is  incident  on 
the  wedge.     If  the  angle  of  incidence  is  &     and  the  direction  of  the  nonnal 
to   the  plane  wave  front  is  as  shown  in  Figure  1,   then 

u,.u.>r'''^"^^-'-l'^^-^  (3-1) 

where  U     is  the  magnitude  of  the  incident  plane  wave  and  the  time  dependence 
e"         is  omitted  for  convenience.     We  assume  the  boundary  conditions  on  the 
wedge  are  given  by 

±^   ^yjU,    -   O  ^   =r  O  (3-2) 

a§  -O  ^»o<  (3-3) 

where  u  is  the  z-component  of  the  magnetic  vector  and  X  has  already  been 
defined.     It  is  easily  shown  that  in  two  dimensions  the  field  component  u  is 
independent  of  z  and  determines  completely  the  electromagnetic  field.     The 
field   component  H     ;  u  satisfies  the  wave  equation 

(^^'■i-k^lu  =.  O  (3-U) 

2 

where  V     is  the  rectangular  Laplacian  and  k  is  the  propagation  constant  of 

free  space.     From  (3-l)>   (2-7)  and  (2-8)  we  obtain  the  fonn  of  the  incident 
plane  wave  in  the  transformed  problem.     We  have 
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IMPEDANCE    BOUNDARY 
CONDITION    PRESCfllBtD 
2n         ON  WED«E    tUMMCE 


PERFECTLY   CONDUCTINt 
SURFACE 


FIGURE 


where 


v^  3  X  ^'^'^(*^^'^:j^^'^  (3-5) 

To    =  a  U.  if    \A^(^^d.)-hJ^^,]  (3-6) 

and 

\  =  ikM^B,  (3-7) 

The  quantity  u  in  the  far  field  can  be  written  as  the  siun  of  two  terms. 
The  first  term  can  be  found  by  using  geometrical  optics  and  is  composed  of 
incident  and  reflected  waves.  The  second  term  is  due  to  the  diffracted 
field.  We  have 

where  (u)     is  assumed  to  be  known  and  (u),.„„  is  to  be  found.  The  trans- 
geom  dxff 

formed  quantity  v  in  the  far  field  can  be  written  in  the  form 

The  diffracted  far  field  solution  of  the  transformed  problem  which  is  finite 
at  the  edge  of  the  wedge  and  is  denoted  by  the  subscript  F  is  assumed  to  be 
known  and  can  be  obtained  by  standard  methods.  The  far  field  solution  of  the 
transformed  problem  which  is  singular  at  the  edge  of  the  wedge,  and  is 
denoted  by  the  subscript  S,  is  the  asymptotic  form  of 
2it-t 


f^l   -  L    ',  H^   ^^'^  --  %r^  e  (3-10, 


The  fii^t  terra  can  be  found  by  using  geometrical  optics  and  equations   (2-7) 
and  (2-8),   and  is  assumed  to  be  known.     The  far  field  expression  for  the 
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finite  solution  is  given  by 

(3-11) 


iMsfA,  «/^='"^"*"  BCB.B.) 


where 


and 


BCb,  eJ^kU.fr  (a^  {^+eJ  -h^  B,  ]  B  (dj &.)      (3-12) 
^3/  w  J 


B  (9, 9,)  =      ^.^i^j-^-i^^H^.^-^-r:;^ (3.13) 

The  far  field  expression  for  the  singular  solution  is  given  by 
where 

C^„.c^e'^*'-'  ■'^  (3-15) 

We  expect  a  priori  that  the  far  field  foim  of  the  original  field  u  is  of 
the  form 

^"W*/^*""      "Ce)  (3-16) 

where  a(6)  is  unknown.  Consider  now  only  the  diffracted  part  of  the  far 
field  expressions.  We  have 

Mj.ff^  '  L  {Mj;^^}  (3-17) 


[Mjiffl,  dMj»l  =  -^^  {^  ^^  +  '^^,f  -^}  Wj;tf  (3-18) 

But  in  the  far  field 

^  =C^^i5:  -^-4*^^^   ^C^^^    -^s  LkcyL$  (3-19) 

^  =4U^.B^  -f-jrCj^B^  «  '^^^^   «  f-'^^^^  (3-20) 

and  hence 

If  we  substitute   (3-7),    (3-11),    (3-lU)  and   (3-16)  into  the  above  we  obtain 

pa,     i-  -» 

The  constants  c*   are  as  yet  unknown, 
pn 

Notice,   however,   that  the  denominator  of  (3-22)  vanishes  for  certain 
values  of  ©  .     Let  the  roots  of  the  equation 

77"  [  A<^^J^f0)-^».]  =0  (3-23) 

/a; 

be  denoted  by  p ,  where  j  is  an  integer.  There  are  2n-l  values  of  j,  (i.e., 
there  are  2n-l  roots  of (3-23)  in  the  interval  0  <  6  <  2n  -  y  and  at  these 
roots  there  must  be  no  poles  of  nt©)  .  The  reason  that  the  far  field 
amplitude  'n'(6)  can  have  no  infinities  at  the  roots  of  (3-23)  is  that  these 
would  contribute  inadmissible  shadow  lines.  Hence  the  numerator  of  (3-22) 
must  vanish  at  the  roots  Pj  of  the  denominator.  Therefore  we  can  write 


(3-21.) 


-9- 


where 


Ai../ 


3-fcd 


4^<<(t,-j):^© 


l^/s^_^/j  ^-fe^*--'  ^^^^«*-' 4^^'^'.-3;^/^J-. 


(3-25) 


'^^^^fe^-z     ^^^^^»* 


^  {4*1-^)^,  fix 


^(^^)£:rfi.-. 


(3-26) 


The  roots  p .  ai^  here  regarded  as  being  emamerated  in  some  arbitrary  but 

fixed  order.  We  first  consider  the  determinant  Ar,     ■,  •     It  can  be  shown  that 

2n-l 

its  value  is  given  by 


fc^V^-c^V^J 


■10- 


where 


ifij 


(3-28) 


A  principle  minor  of  the  numerator  is  of  the  form 


C-')'B(f>jA) 


4^^> 

4^^^ 

AMiff, 

A^Sx, 

A«m/» 

z^Sx^ 

44^  X J., 

AA^ixy., 

A^Xj^t 

A^  3Xj^, 

>i*ivJr;^^   '*^"'^an-i  A^C^^'-iJ^iH-i 


where 


P'i^, 


(3-29) 


(3-30) 


,th 


Note  that  the  j-—  row  is  omitted.  Expanding  the  above  as  before  we  have 


Dividing  numerator  by  denominator,  and  cancelling  all  common  terms,  we  obtain 


-n- 


4iH- 


{' 


>«' 


iL>»  VQ>*Vj/U»x,-aw»Vj [c^ty^T  c^'4i 


[c^.^l^^J^-^.c^^J[c^V.-Vjc^S-^Vj fc^'w-*Vj 


[c^V;.c«'<(.J(o^V^'^J Px,...-cm>] 


(3-32) 


We  can  write  (3-32)  in  a  different  fonn  involving  only  sines.     Further  simpli- 
fication yields  the  following  compact  expression 
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m  _  N 


in-! 

1 


(3-33) 


7^^  \ 


This  result  is  the  diffracted  far  field  due  to  an  incident  plane  wave  for  a 
wedge  of  angle  -r-   (i.e.  in  an  external  angular  space  2ti  -  ■»-)  when  an  impedance 
boundary  condition  is  prescribed  on  the  upper  face  and  a  normsLL  derivative 
boundary  condition  is  prescribed  on  the  lower.  It  is  also  the  result  for  the 
diffracted  far  field  for  a  wedge  in  an  external  space  Un  -  —  (  0  <  »  <  Un  -  — ) 
when  the  same  impedance  boundary  condition  is  prescribed  on  both  surfaces, 
provided  the  incident  wave  arrives  along  the  line  of  symmetry  of  the  wedge. 


IV.  Diffracted  Far  Field  Due  to  a  Line  Source  Lo cated  at  the  Tip 

Consider  how  a  wedge  of  angle  -^  ,  where  n  is  an  integer,  defined  by  the 
surfaqes  ©  =»  0  and  Q  =  a  as  shown  in  Figure  2.  In  the  angular  region  0  <  9  <  a 
we  assume  that  we  have  free  space.  A  magnetic  line  dipole  is  located  at  the 
tip  of  the  wedge  and  has  coordinates  x  =  0,  y  =  0,  See  Figure  2,  We  assume 
the  boundary  conditions  on  the  wedge  are  given  by 


-  12a 


LINE    DIPOLC 
SOURCE 


T       IMPEDANCE  BOUNDARY 
yr       CONDITION  PRESCRIBED 
In       ON  WEDBE   SURFACE 


PERFECTLY  C0NDUCTIN8 
SURFACE 


FIGURE   2 
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^^  f /)^  ^O  $  =  0  (U-1) 

2i&  -  O  f?  «  «  (U-2) 

where  u  is  the  z-component  of  the  magnetic  vector  and  X  has  already  been 
defined.     The  field  component  H     s  u  satisfies  the  wave  equation 

2 
where  V     is  the  rectangular  Laplacian,  k  is  the  propaf^ation  constant  of  free 

space  and  6  is  the  Dirac  delta  function. 

The  radiated  far  field  is  found  in  a  manner  similar  to  that  used  for  the 

incident  wave  plane.     Again  we  first  introduce  the  operator 

v=Lu,  (u-u 

where 

The  inverse  operation  u  ■  L"  v  involves  n  integrations.     Let  v     be  that  part 
of  T  which  arises  from  performing  integration  on  our  source  terra.     Therefore, 
V    must  be  of  the  form 

since  the  solution  of  (U-3)  is  given  by  the  Green's  function 

6t^.  irHi'Uk.-)  (U-T) 


In  the  above  equations  IT  (kr)  is  a  Hankel  function  of  the  first  kind  of 

order  n  and  the  subscript  S  indicates  that  these  are  source  teims.  The 

constant  c   Is  a  no 
n 

problem  is  given  by- 


constant  c       Is  a  normalization  constant.     The  solution  of  the  transfoimed 
n 


V  .  c. Hi'Uk.)M^n 9^7L<^^  H'lL^  Ck.) A^ ^  6  (i;-8) 


and  has  the  far  field  representation 


(U-9) 


where  v„„  denotes  the  far  field  form  of  v. 


We  expect  a  priori  that  the  far  field  of  the  original  field  u  is  of  the  forni 

where  n(9)  is  unknown.     If  we  now  consider  the  far  field  of  v  we  have 

Wf/r    -  -  ^  {a^  ("^-^9)^^'^]  U)^f  (U-ll) 

Substituting  from  (lixlO)  and  (U-ll)  we  have 


(U-12) 


where  we  have  set 


.15- 


X  =    Ik  Xa/v\.  &, 


(U-13) 


Hence 


Whew 


ih'lh) 


(U-15) 
(U-16) 


Using  the  same  argument  as  in  Section  III,  we  note  that   (u)      can  be 
widtten  in  the  form 


H.-y^^'''""^     ^^J 


A4.., 


(U-17) 


where 


A^...,' 


kfi- 


^ 
^ 


-^-/i..  >^^' 


0tB». 

Win 


A^3-^ 


•^•-1 


(U-18) 
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4/fl 


(ii-19) 


In  the  above  detenninants  the  p.'s  are  the  (2n-l)  inadmissible  roots  of 
equation  (3-23),  and  these  are  given  by 


fij  =  (^,-hyrff-C^'j) 


J-  'j " 

s  =  Ij /»-/ 


(U-20) 


By  using  a  procedure  similar  to  that  used  in  Section  HI  we  have  at  once  that 


4^ 


(U-21) 


where 


e..-7r^_L 


(U-22) 
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The  above  constant  c'  can  be  found  by  consideirLng  the  limiting  case  of  ©-.O  (X=0) 
where  the  solution  is  in  H   (kr)  independently  of  n.'^  This  result  is  the 
diffracted  far  field  due  to  a  line  source  located  at  the  tip  of  a  wedge  of 
angle  ir^   (exterior  angle  2n-  •--)  when  an  impedance  condition  is  prescribed  on 
"the  upper  face  and  a  normal  derivative  boundary  condition  is  prescribed  on  the 
lower.  (It  is  also  the  result  for  the  diffracted  far  field  for  a  wedge  of 

exterior  angle  (Un  )  when  the  same  impedance  boundary  condition  is  prescribed 

on  both  surfaces). 


V.   Applications 

1,   Right  Angled  Wedge  Excited  by  a  Line  Source  Located  a_t  the  Tip  With  an 
Absorbing  Upper  Face  and  a  Perfectly  Conducting  Lower  Face.  For  a  right 
angled  wedge  n  =  1.  For  an  absorber  the  appropriate  root  is  p,  »  ©_  +  n 
where  0  <  ©t  <  "  •  Using  equation  (U-21)  we  find  that  the  desired  radiated 
far  field  is  given  by 


J 


where  c,  ■  -rtc 


The  calculation  involves  noting  that 


KIT 

and 
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2 .  Forty  Five  Degree  Wedge  Excited  by  a  Line  Source  Located  at  the  Tip  With 
an  Absorbing  Upper  Face  and  a  Perfectly  Conducting  Lower  Face,  For  a  forty 
five  degree  wedge  n  =  2,  For  an  absorber  the  appropriate  roots  are  p,  =  9,  +  n, 
Pp  ■  ^  ~  ^1  ^^^   P3  °  T"  *  ®1  •  ^^^  equation  (U-21)  we  find  that  the 
desired  radiated  far  field  is  given  by 


f«W-^.  ^'' 


nh+f)        ch-^^ 


l*J^  /^f*-9)-tMAj[jJi  ^lrf«)->^flj 


where  c 


k 


(5-2) 


2--^" 


VI.     Application  of  ^fethod  to  SJJiple  Boundary  Conditions  as  in  the  Case  of 
Perfect  Conductors 

The  method  employed  above  can  also  be  employed  with  modification  in 
treating  the  more  ordinary  classical  diffraction  problem,  arising  in  the  case 
of  perfect  conductors.     Here  we  illustrate  the  method  in  the  case  of  a  half 
plane  and  a  right  angled  wedge. 
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1.     Diffraction  by  a  Perfectly  Conducting  Half  Plane 
Consider  the  problem  described  below: 


\JL     FtkllTB     AT       y^0^if:^6       .  ^^_^^ 

Here     we  let  -n  <  ©     <  n  , 

0 

Let 

Then  v  is  an  outgoing  wave  function,  which  obeys  the  radiation  condition.  Also, 
from  (6-3)  and  (6-5)  we  have  that  v(x,0)  =0,  x  >  0  .  Therefore  (6-3)  implies 
that  the  most  general  fonn  of  v  is  given  by 

^=■21^'  ^^  ^^"^  ^^r^  (6-6) 

where  the  a  are  to  be  determined.  Now  (6-5)  shows  that  v  =  0(  --)  near  the 
n 

origin;  therefore  (6-U)  implies  that  u  ->  0  at  origin,  and  also  bat  a  =  0,  n  >  1, 
Therefore 

V   r  a,W^i^CUK)j^^   =   §7  -^c^g^,  U.  (6.6a) 

We  have  yet  to  determine  a, . 
Now  let 

^  =  ^^^    ^U^'^  (6.7) 


The  definition  of  the  anf^le  9     employed  in  this   section  differs  fi^cim  that 
used  in  earlier  sections.     Henceforth  »     means  the  angle  between  the  direction 
of  travel  of  the  plane  wave  and  the  positive  x-axis. 
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and  assiome 


(i) 


Ut) 


-^H:(kir)u.C»)       ,  ^-*A? 


where 


//."v*,j  3^. '■''-'* 


(6-8) 


(6-9) 


Equation  (6-8)  holds  for  almost  all  fixed  e.  We  also  know  that  (6-5)  holds,  and 
that 


But 


E.    -    rj>^  /9  2. Lj,.'  iL  ^ 


^h'i^^^i 


^  =  c^'-^'T'^^'  ^d  (6-11) 

while  for  large  r, 

'  (6-12) 

Therefore,  for  functions  of  the  type  illustrated  in  (6-8)  and  (6-10), 
~  — ^  ik  cos  e  .  Using  (6-5)  and  (6-10)  the  coefficient  of  H^-'"^  in  (6-10) 
now  becomes 


a,e        aa^^   *  JcC<^B-c^^.)  uL(e) 


Hence, 


UU)    =     f-/^^    ^"f  (6.13) 

where,  according  to  (6-8),  u(e)  is  the  (physically  interesting)  complex  far 
field  amplitude  of  the  diffracted  wave.  The  9  dependence  is  quite  explicit. 
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We  need  the  constant  a,,  which  may  depend  only  on  9   .     To  emphasize  the  dependence 
on  the  angle  of  incidence  we  rewrite   (6-8)  as  follows: 

Now  by  reciprocity 

Here  we  have  employed  the  convention  that  angles  of  incidence  lie  in  the 
range  (-n,    n)   .     Appl;yT.ng  (6-13')  to  Eqn.   (6-lii)  we  find 


i«e. 


a,C&^)    -   a,  Co)  CJtri.  %. 


(6-18) 


(6-19) 


Here  we  have  used  (6-18)  with  a  value  of  a,  (C )  obtained  in  the  next  paragraph. 
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In  order  to  deteimine  a-(0)  we  let  e  =  0,  and  employ  (6-6a)  and  (6-5). 
We  integrate  (6-5),  subject  to  (6-2a),  and  find 


r'-^'  ,  .  y.y^CkK  'ik% 


where 


Imposing  the  boundary  condition  (6-3),  and  using  (6-21a)  we  get 

2iklH 

Hence,  finally. 


"'^'^^  Li^.f.  -JT'"]  --'•^'"" 


so  that  ^ 


(6-20) 


^,-^/y/  (6-21a) 


(6-22) 


(^  CS«*  ^  -  <U«.  ^, j  ■(6-22a) 

The  result  is  that  for  diffraction  by  a  half  plane  under  the  condition 
(6-3),  the  field  for  large  r  is  given  by 


Similar  analysis  shows  that  when  -5-  =  0  is  required  at  the  screen  has 


the  foim 
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^  -^  "^^«  ^f^   c"     c'  ''(co^r^^r)  TT'^'r'    .\    '  (6-2U) 

The  analysis  given  above     through  equation  (6-6a)  can  be  traced  back  to 
Lamb L J,   in  the  case  of  normal  incidence   (6     =  -^)  except  Lamb  omits  equation  (6-6) 
and  merely  postulates   (6-6a).     No  explicit  formulation  of  the  edge  condition 
was  available  to  him.     After  obtaining  (6-6a)  Lamb  expresses  it  in  the  form 
(again  for  9^   =  •^) 

However,  Lamb  integrates  the  1st  order  partial  differential  equation  to  obtain 
the  usual  Fresnel  integral  expression  for  u.     The  form  of  the  resulting  solution 
is  then  generalized  to  be  valid  for  arbitrary  ©^  . 


2.     Diffraction  by  a  Perfectly  Conducting  Wedge 

The  present  procedure  can  also  be  employed  in  the  case  of  a  perfectly  con- 
ducting wedge. 

For  example,  consider  the  problem  of  diffraction  by  a  perfect!.'  conducting 
right  angled  wedge. 

t^uufUj^   i-U'u,     ^    O  (6.25) 

U.^^^cr.     AT   iNFmiTY  ^^^^^^^ 


U  (k,c)    =^0 


J   *  >0  (6.27) 


(a(0,;j)  -  0  J  i^<o 


(6.27a) 


-21;. 


Let 

/  =  C^,  ■f-k'c^'9.)u  ='(ip-h  k'^^'O.  )  (t  (6.28a) 

Then  the  geometidc  or  plane  wave  part  of  v  is  zero.  Again,  v  =  0  on  the  faces 
of  the  wedge,  and  v  is  not  too  singular  to  prevent  u  from  being  finite  ,  Hence 

v^d,ca^Ht!ar)4;^^f^a,(9,)Hfar)M^'^  jo<^<^  (6-29) 


30  that 


Therefore, 


(6-30) 


(6-31) 


Now  let 

Q,C''''>  ot,       ,     <a»C         s  OK^  (6-32) 


Hence 


*^,(e.)A^f  -i'  cc^L^.)^^'^  ^^[*(,i»-n)A^f($.iJT)  (6-33) 


s  ince   «  (S-j  if-,)  a  U  ($,  fir,  ^--it)   because  of  reciprocity. 
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•<•,  M4^j (». i-Tr)  4- o<^  M  '^^ftS.i-w)    »  C 


^.W   = (6-3U) 

Thus,  substituting  in  (6-33) » 

Let  ©  =  n,  and  obtain 


Hence 


The  constant  a^(o)/k:^  is  a  pure  number  as  tte  form  of  (6-38)   shows. 
This  number  can  be  obtained  by  using  the  sane  sort  of  procedure  as  we  used 
in  the  case  of  a  half  plane. 


(6-38) 
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1210  Massillon  Road 

Akron  15,  Ohio 

Attn:  Library  D/120  Plant  A 

Granger  Associates 

Electronic  Systems 

966  Commercial  Street 

Palo  Alto,  California 

Attn:  John  V,  N.  Granger,  President 

Grumman  Aircraft  Engineering  Corporation 
Bethpage,  Long  Island,  N.  Y. 
Attn:  Mrs.  A.  M.  Gray,  Librarian 

Engineering  Librarv,  Plant  No,  5 

The  Hallicrafters  Company 

liUOl  West  5th  Avenue 

Chicago  2!i,  Illinois 

Attn:  La Verne  LaGloia,  Librarian 

Hoffman  Laboratories,  Inc. 
3761  South  Hill  Street 
Los  Angeles  T ,   California 
Attn:  Engineering  Library 

Hughes  Aircraft  Company 
Antenna  Department 
Microwave  Laboratory 
Building  12,  Room  2617 
Culver  City,  California 
Attn:  M.  b.  Adcock 

Hughes  Aircraft  Company 
Florence  and  Teale  Streets 
Culver  City,  California 

Attn:  Dr.  L.C.  Van  Atta,  Associate  Director 
Research  Labs. 

Hycon  Eastern,  Inc. 
75  Cambridge  Parkway 
Cambridge,  Mass. 
Attn:  Mrs.  Lois  Seulowitz 
Technical  Librarian 

International  Business  Machines  Corp. 

Military  Products  Division 

590  Madison  Avenue 

New  York  33,  New  York 

Attn:  Mr.  C.F.  McElwain,  General  Manager 

International  Business  Machines  Corp. 
Military  Products  Division 
Owego,  New  York 

Attn:  Mr.  D.  1.  Marr,  Ubrarian 
Department  U?9 

International  Resistance  Company 
UOl  N.  Broad  Street 
Philadelphia  8,  Pa. 
Attn:   Research  Library 

Jansky  and  Bailey,  Inc. 
1339  Wisconsin  Avenue,  N.  W. 
Washington  7,  D.  C. 
Attn:  Mj.  Delmer  C.  Ports 

Dr.  Henry  Jaslk,  Consulting  Engineer 
298  Shames  Drive 
Brush  Hollow  Industrial  Park 
Westbury,  New  York 

Electromagnetic  Research  Corporation 
711  Dith  Street,  N.  W. 
Washington  5,  D.  C. 


Lockheed  Alrcreft  Corporation 

2555  N.  Hollywood  W.y 

California  Division  Engineering  Library 

Department  72-75,  Plant  A-1,  Bldg.  63-1 

Bnrbank,  California 

Attni   N.  0.  Harnols 

The  Martin  Company 

P.  0.  Box  179 

DenTer  1,  Colorado 

Attn  I  Mr.  Jack  McCormick 

The  Olenn  L.  Martin  Company 
Baltimore  3,  Maryland 
Attni  Engineering  Library 
Antenna  Design  Group 

Maryland  Electronic  Manufacturing  Corp. 
5009  Calvert  Road 
College  Park,  Maryland 
Attni  Mr.  H.  Warren  Cooper 


Providence  6,  Rhode  Island 

The  W.  L.  Maxson  Corporation 

li60  West  Uth  Street 

New  York,  N.  Y. 

Jttn:     Miss  Dorothy  Clark 

McDonnell  Aircraft  Corporation 

Lambert  Salnt-Louls  Municipal  Airport 

Box  516,   St.   Louis  3,   Missouri 

Attn:     R.  D.  D*trlch,   Engineering  Library 


Melpar,  Inc.  (2) 

3000  Arlington  Boulevard 

Falls  Church,  Virginia 

Attnt  Engineering  Technical  Library 

Microwave  Development  Laboratory 
90  Broad  Street 
Babson  Park  57,  Massachusetts 
Attni  N.  Tucker,  General  Manager 

Microwave  Raiiatlon  Company  Inc. 

19223  South  Hamilton  Street 

Gardena,  California 

Attn:  Mr.  Morris  J.  Ehrllch,  President 

Chance  Vought  Aircraft,  Ino. 
9311  West  Jefferson  Street 
Dallas,  Texas 
Attn:  Mr.  H.  S.  White,  Librarian 

Northrop  Aircraft,  Inc. 
Hawthorne,  California 

Attn:  Mr.  E.  A.  Freitas,  Library  Dept311i5 
1001  E.  Broadway 

Remington  Rand  Bnlv.  -  Division  of  Sperry 

Rand  Corporation 
1900  West  Allegheny  Avenue 
Philadelphia  29,  Pennsylvania 
Attn:  Mr.  John  F.  McCarthy 

R  and  D  Sales  and  Contracts 

North  American  Aviation,    Inc. 
1221ii  Lakewood  Boulevard 
Downey,   California 
Attn:     Engineering  Library  li95-115 

North  American  Aviation,   Inc. 
los  Angeles  International  Airport 
Los  Angeles  li5,   California 
Attn:     Engineering  Technical  File 

Page  Conmunlcations  Engineers,    Inc. 
710  Fourteenth  Street,   Northwest 
Washington  5,   D.  C. 
Attn:     Librarian 

Phllco  Corporation  Research  Division 

Branch  Library 

li700  Wissachlckon  Avenue 

Philadelphia  Ui,    Pa. 

Attn:     Mrs.  Dorothy  S.  Collins 


T.  DeBettencourt 

Polytechnic  Research  and  Development 

Cciapany,    Inc. 

202  Tillary  Street 

Brooklyn  1,   New  York 

Attn:     Technical  Library 

Radiation  Engineering  Laboratory 
Main  Street 
Maynard,   Mass. 
Attn:      Dr.    John  Ruze 

Radiation,    Inc. 

P.  0.   Drawer  37 

Melbourne,  Florida 

Attn:  Technical  Library,  Mr.  M.L.  Co 

Radio  Corp.  of  America 

RCA  Laboratories 

Rocky  Point,  New  York 

Attn:   P.  S.  Carter,  Lab.  Ubrary 

RCA  Laboratories 
David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attni  Miss  Fern  Cloak,  Librarian 
Research  Library 

Radio  Corporation  of  America 
Defense  Electronic  Prciucta 
Building  10,  Floor  7 
Camden  2,  New  Jersey 
Attn:  Mr.  Harold  J.  Schrader 

Staff  Engineer,  Organization 

of  Chief  Technical 

Administrator 

The  Ramo-Wooldridge  Corporation 
P.O.  Box  Ii5li53  Airport  Station 
Los  Angeles  h5,   CaliforrJla 
Attn:     Margaret  C.  Whltnah, 
Chief  Librarian 


Hoover  Microwa 
9592  Baltimore 
College  Park 


Co. 


Merv 


Director,  USAF  Project  RAND 

Vlai  Air  Force  Liaison  Office 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,  California 

Rantec  Corporation 

Calabasas,  California 

Attn:   Grace  Keener,  Office  Vanager 

Raytheon  Manufacturing  Company 
Missile  Systems  Division 
Bedford,  Macs. 
Attn:  Mr.  Irving  Goldstein 

Raytheon  Manufacturing  Company 
Wayland  Laboratory,  State  Road 
Wavland,  Mass. 
Attn:   Mr.  Robert  Borts 

Raytheon  Manufacturing  Comrany 
Wavland  Laboratory 
Wayland,  Mass. 

Attn:  Miss  Alice  0.  Anderson, 
Librarian 

Republic  Aviation  Corporation 
Farmlngdale,  Long  Island,  N.  Y. 
Attn:  Engineering  Library 

Thru:  Air  Force  Plant  Representative 
Republic  Aviation  Corp. 
Farmlngdale,  Long  Island,  N.Y. 

Rheem  Manufacturing  Company 
9236  East  Hall  Road 
Downey,  California 
Attn:  J.  C.  Joerger 

Trana-Tech,  Inc. 
P.  0.  Box  3li6 
Frederick,  Maryland 


Ryan  Aeronautical  Conpany 
Lindbergh  Field 
San  Diego  12,  Calirornia 
Attn:  Llbrar/  -  unclassified 

Sage  Laboratories 
159  Urvlen  Street 
Wollesley  81,  Mass. 

Sanders  Associates 
95  Canal  Street 
Nashua,  New  Hampshire 
Attn:  N.  R.  Wild,  Ubrary 

Sandia  Corporation,  Sandla  aase 

P.O.  Box  5S00,  Albuquerque,  "lew  Mexico 

Attn:  Classified  Document  Division 

Sperry  Gyroscope  Conpany 

Great  Neck,  Long  Island,  New  York 

Attn:     Florence  W.  Tumbull,   Engr.  Librarian 

Stanford  Research  Institute 

Menlo  Park,   California 

Attn:     Library,   Engineering  Division 

Svlvanla  Electric  Products,    Inc. 
100  First  Avenue 
Walthara  51i,   Mass. 

Mtn:     Charles  A.  Thornhlll,   Report  Librarian 
Walthan  Laboratories  Library 

Systems  Laboratories  Corporation 
lli''52  Ventura  Boulevard 
Sherman  Oaks,   California 
Attn:     Donald  L.  Margerun 

TRG,  Inc. 

17  Union  Square  West 

New  York  3,  H.  Y. 

Attn:  M.  L.  Henderson,  Librarian 

A.  S,  Thomas,  Inc. 

161  Devonshire  Street 

Boston  10,  Mass. 

Attn:  A.  S.  Thomas,  President 


Chu  Associates 

P.  0.  Box  3?7 
Whltcomb  Avenue 
Uttlcton,  Mass. 


Raytheon  Manufacturln>-  Company 
Missile  Division 
Hartwell  Road 
Bedford,  Mass. 

Radio  Corporation  f  America 
Aviation  Systems  L' moratory 
225  Crescent  Street 
Waltham,  Mass. 

Lockheei  Aircraft  ;orporatlon 
Missile  Systems  Division  Research  Library 
Box  50U,  Sunnyvale,  Callfomla 
Attn:  Miss  Eva  L  :  Robertson, 
Chief  Ubrarian 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  Dr.  W.  C.  Hoffman 

Commander 

AF  Office  of  Scientific  Research 

Air  Research  and  Development  Command 

lUth  Street  and  Constitution  Avenue 

Washington,  D.  C. 

Attn:     Mr.   Ttting,    SRY 

Westlnghouse  Electric  Corp, 
Electronics  Division 
Friendship  Tnt'l  Airport  Box  7U6 
Baltimore  3,   Marvland 
Attn:     Engineering  Library 


DL  -  It 


Wheeler  Laboratories,  Inc. 
122  CBtter  Mill  Road 
Great  Neck,  New  York 
Attn:  Mr.  Harold  A.  Wheeler 

Zenith  Plasties  Co. 
Box  91 

Gardens,  California 
Attn:  Mr.  S.  S.  Oleesky 

Library  Geophysical  Institute 
of  the  Oniversity  of  Alaska 
College 
Alaska 

University  of  California 

Berkeley  h,   California 

Attn:  Dr.  Samuel  Silver, 

Prof.  Engineering  Science 
Division  of  Elec.  Eng.  Electronics 
Research  Lab. 

University  of  California 
Electronics  Research  Lab. 
332  Cory  Hall 
Berkeley  h,   California 
Attn:   J.  R.  Whinnery 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
UnnO  Oak  Grove  Drive 
Pasadena,  California 
Attn:  Mr.  1.  E.  Newlan 

California  Institute  of  Technology 
1201  E.  California  Street 
Pasadena,  California 
Attn:  Dr.  C.  Papas 

Carnegie  Institute  of  Technology, 
Schenley  Park 

Pittsburgh  13,  Pennsylvania 
Attn:  Prof.  A.  E.  Heins 

Cornell  University 


Attn;  Prof.  G.  C.  Dalman 

I'niversity  of  Florida 

Department  of  Electrical  Engineering 

Gainesville,  Florida 

Attn:  Prof.  M.  H.  Latour,  Library 

Lihr-ary 

Georgia  Institute  of  Technology 

Engineering  Experiment  Station 

Atlanta,  Georgia 

Attn:  Mrs.  J.H.  Crosland,  Librarian 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library,  303A  Pierce  Hall 

Oxford  Street,  Cambridge  3«,  Mass. 

Attn:  Mrs.  E.L.  Hufschmidt,  Librarian 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge  39,  Mass. 
Attn:  Dr.  Fred  L.  Whipple 

University  of  Illinois 
Documents  Division  Library 
Urbana,  Illinois 

University  of  Illinois 
College  of  Engineering 
Urbana,  Illinois 

Attn:  Dr.  P.  E.  Moyes,  Department  of 
Electrical  Engineering 

TBb- Johns  Hopkins  University 
Homewood  Campus 
Department  of  Physics 
Baltimore  18,  Maryland 
Attn:  Dr.  Donald  E.  Kerr 


Applied  Physics  Laboratory 
The  Johfls Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland 
Attn:  Mr.  George  L.  Selelstad 

Massachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 

Room  203-221 

Cantoridge  39,  Massachusetts 

Attn:  John  H.  Hewitt 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Mass. 

Attn:  Document  Room  A-229 

University  of  Michigan 
Electronic  Defense  Group 
Engineering  Research  Institute 
Ann  Arbor,  Michigan 
Attn:  J.  A.  Boyd,  Supervisor 

University  of  Michigan 
Engineering  Research  Institute 
Radiation  Laboratory 
Attn:  Prof.  K.  H.  Siegel 
912  N.  Main  St., 
Ann  Arbor,  Michigan 

Universltv  of  Michigan 
Engineering  Research  Institute 
Willow  Run  Laboratories 
Willow  Run  Airport 
Ypsllantl,  Michigan 
Attn:  Librarian 

University  of  Minnesota 

Minneapolis  lU,  Minnesota 

Attn:  Mr.  Robert  H.  Stumn,  Library 

Northwestern  University 
Microwave  Laboratories 
Evanston,  Illinois 
Attn:  R.  E.  Beam 

Ohio  State  University  Research  Found. 
Ohio  State  University 
Columbus  10,  Ohio 
Attn:  Dr.  T.E.  Tice 

Dept.  of  Elec.  Engineering 


Norman,  Oklahoma 

Attn:  Prof.  C.  L.  Farrar,  Chairman 
Electrical  Engineerii^ 

Polytechnic  Institute  of  Brooklyn 

Microwave  Research  Institute 

55  Johnson  Street 

Brooklyn,  New  York 

Attn:  Dr.  Arthur  A.  Oliner 

Polytechnic  Institute  of  Brooklyn 
Microwave  Research  Institute 
55  Johnson  Street 
Brooklyn,  New  York 
Attn:  Mr.  A.  E.  Laemmel 

Syracuse  University  Research  Institute 
Collendale  Campus 
Syracuse  10,  New  York 
Attn:  Dr.  C.  S.  Grove,  Jr. 

Director  of  Engineering  Research 

The  University  of  Texas 
Elec.  Engineering  Research  Uboratory 
P.  0.  Box  8026,  University  Station 
Austin  12,  Texas 
Attn:  Mr.  John  R.  Gerhardt 
Assistant  Director 

The  University  of  Texas 

Defense  Research  Laboratory 

Austin,  Texas 

Attn:  Claude  W.  Horton,  Physics  Library 

University  of  Toronto 

Department  of  Electrical  Ei^ineering 

Toronto,  Canada 

Attn:  Prof.  0.  Sinclair 


Lowell  Technological  Institute 
Research  Foundation 
P.  0.  Box  709,  Lowell,  Mass. 
Attn:  Dr.  Charles  R.  Mingins 

University  of  Washington 

Department  of  Electrical  Engineering 

Seattle  5,  Washington 

Attn:  G.  Held,  Associate  Professor 

Stanford  University 
Stanford,  California 
Attn:  Dr.  Chodorow 

Microwave  Laboratory 

Physical  Science  Laboratory 

New  Mexico  College  of  Agriculture 

and  Mechanic  Arts 

State  College,  New  Mexico 

Attn:  Mr.  H.  W.  Haas 

Brown  University 
Department  of  Electrical  Engineering 
Providence,  Rhode  Island 
Attn:  Dr.  C.  M.  Angulo 

Case  Institute  of  Technology 

Cleveland,  Ohio 

Attn:  Prof.  S.  Seeley 

Columbia  University 

Department  of  Electrical  Engineering 

Momingside  Heights 

New  York,  N.  Y. 

Attn:  Dr.  Schlesinger 

HcGill  University 
Montreal,  Canada 
Attn:  Prof.  Q.  A.  Woonton 

Director,  The  Eaton  Electronics 

Research  Lab. 

Purdue  University 

Dep:^rtment  of  Electrical  Engineering 

Lafayette,    Indiana 

Attn:     Dr.   Schulta 

The  Pennsylvania  State  University 
Depai^ment  of  Electrical  Engineering 
University  Park,    Pennsylvanlt. 

University  of  Pennsvlvania 

Institute  of  Cooperative  Research 

31:00  Walnut  Street 

Philadelphia,  Pennsylvania 

Attn:  Dept.  of  Electrical  Engineering 

University  of  Tennessee 
Ferris  Hall 
W.  Cumberland  Avenue 
Knoxvllle  16,  Tennessee 

University  of  Wisconsin 
Department  of  Electrical  Engineering 
Madison,  Wisconsin 
Attn:  Dr.  Scheibe 

University  of  Seattle 

Department  of  Electrical  Engineering 

Seattle,  Washington 

Attn:  Dr.  D.  K.  Reynolds 

Wayne  University 
Detroit,  Michigan 
Attn:  Prof.  A.  F.  Stevenson 

Electronics  Research  Laboratory 
Illinois  Institute  of  Technology 
3300  So.  Federal  Street 
Chicago  16,  Illinois 
Attn:  Dr.  Lester  C.  Peach 
Research  Engineer 

Advisory  Group  on  Electronic  Parts 

Room  103 

Moore  School  Building 

200  South  33rd  Street 

Philadelphia  k,    Pennsylvania 


lonoBphere  Research  Laboratory 
Pennavlvanla  State  College 
State  College,    Pennsylvania 
ATTNi     ProfesBor  A.   H.  Waynlck,   Dlr 

Institute  of  Mathematical  Sciences 
2";  Waverlv  Place 
New  Tork  3,   Now  York 
ATTMi     Librarian 


Electronics  Division 
Rand  Corporation 
1700  Main  Street 
Santa  Monica,   California 
ATTN I     Dr.   Robert  Kalaba 

National  Bureau  of  Standards 

Washington,   D.  C. 

*TTNi     Dr.  W.   K.  Saunders 

Applied  Mathematics  and  Statistics  Lab 

Stanford  Unlversltv 

Stanford,     ttll'-omla 

ATTN:     Dr.  Albert  H.  BoHker 

Departine".t  of  Physics  and  Astronomy 
Michigan  State  College 
East  Lansing,   Michigan 
ATTN:     Dr.  A.  Leitner 

University  of  Tennessee 
iCnoxvllle,   Tennessee 
A'H'N;     Dr.   Fre !  A.  Flcken 
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Mr.  N.  C.  Gorson 

Trapelo  Road 

South  Lincoln,  Mass. 

Dr.  Richard  B.  Barrar 
Systems  Development  Corp. 
2liOO  Colorado  Avenue 
Santa  Monica,  California 

Columbia  Uniyerslty  Hudson  Laboratories 
P.O.  Box  239 

lli5  Palisade  Street,  Dobbs  Ferry,  N.  Y. 
ATTNi  Dr.  N.  W.  Johnson 

Institute  of  Fluid  Dynamics 
and  Applied  MatheraaticB 
University  of  Maryland 
College  Park,  Maryland 
ATTNi  Dr.  Elliott  Montroll 

Department  of  Electrical  Engineering 

Washington  University 

Saint  Louis  5,  Mo. 

ATTN:     Professor  J.   Van  Bladel 

Department  of  the  Navy 

Office  of  Na'/al  Research  Branch  Office 

1030  E.  Green  Street 

California 


Brandels  'iniverslty 
Waltham,  Mass. 
ATTN :     Library 

General  Electric  Company 
Mlctowave  Laboratory 
Electronics  Division 
Stanford  Industrial  Park 
Palo  Alto,   California 
ATTN:     Library 


Smyth  Research  Associatea 
3555  Aero  Court 
San  Diego  3,   California 
ATTNi     Dr.   John  B.  Smyth 

Electrical  Engineering 
California  Institute  of  Technology 
Pasadena,   California 
»TTNi     Drfleorges  0,  Weill 

Naval  Research  Laboratory 

Washington  25,   D.  C. 

ATTN:     Henry  J.   Passerlnl,  Code  S278A 

Dr.  George  Kear 
5  Culver  Court 
Orlnda,   California 

Brooklyn  Polytechnic 

85  Livingston  Street 

Brooklyn,  New  York 

ATTN:  Dr.  Nathan  Marcuvltz 

Department  of  Electrical  Engineering 
Brooklyn  Polytechnic 
85  Livingston  Street 
Brooklyn,  New  York 
ATTN:  Dr.  Jerry  Shmoys 

Department  of  Mathematics 
University  of  New  Mexico 
Albuquerque,  New  Mexico 
ATTN:  Dr.  I.  Kolodner 

Mathematics  Department 
Polytechnic  Institute  of  Brooklyn 
Johnson  and  Jay  Street 
Brooklyn,  «!ew  York 
ATTNt  Dr.  Harry  Hochstadt 

Ballistics  Research  Laboratory 
Aberdeen  Proving  Grounds 
Aberdeen,  Maryland 
ATTN:  Dr.  Pullen  Keats 

Dr.  Lester  Kraus 
1:935  Whitehaven  Way 
San  Diego,  California 

University  of  Minnesota 
Institute  of  Technology 
Minneapolis,  Minnesota 
Attn:  Dean  Athelston  Spilhaua 

Ohio  State  University 
Columbus,  Ohio 
Attn:  Prof.  C.  T.  Tal 
Department  of  Electrical  Eng, 

Naval  Research  Lab^r-itories 

Washington  25,  D.  C. 

Attn:  W.  S.  Anent.  Code  5271 

Naval  Research  Lah-n-atory 
Washington  25.  D.   . 
Attn:  Lr.  Leslie  '  MeCracken,  Jr. 
Code  3933A 

Office  of  Naval  R(>  learch 

Department  of  the  'iavy 

Attn:  Geophysics  Branch,  Code  bl6 

Washington  25,  D.  C. 

Office  of  Chief  Signal  Officer 
Signal  Plans  and  :'peratlons  Division 
Attn:     SIGOL-2.    Room  20 
Cora.  Liaison  Br.,    Radio  Prop.  Sect. 
Th"  Pentagon,   Washington  25,   D.  C. 

Defence  Research  Member 
Canadian  Joint  Staff 
2001  Connecticut  Street 
Washington,   D.  C. 

Central  Radio  Prop.   Lab. 
National  Bureau  of  Standards 
Attn:     Tochnlcal  Reports  Library 
Boulder,   Colorado 

U.  S.  Weather  Bureau 
U.   S.   Department  of  Commerce 
Washinpton  25,    D.   C. 
Attn:     Dr.   Harry  Wexler 


Federal  Communications  Commiaslon 

Washlnr-ton  25,  D.  C. 

Attn:  Mrs.  Barbara  C.  Grimes,  Llbrar 

Upper  Atmosphere  Research  Section 
Central  Radio  Propagation  Laboratory 
National  Bureau  of  Standards 
Boulder,  Colorado 

Argonne  National  Laboratory 

P.O.  Box  299 

Lemont,  Illinois 

Attn:  Dr.  Hoylande  D.  Young 

Bell  Telephone  Labs. 

Murray  Hill,  New  Jersey 

Attn:  Dr.  S.  0.  Rico,  3B  -  203 

Carnegie  Institute  of  Washington 
Dept.  of  Terrestrial  Magnetism 
52iil  Broad  Branch  Road,  N.  W. 
Washington  1?,  D.  C. 
Attn:  Library 

Georgia  Tech  Research  Institute 
225  N.  Avenue,  N.  W. 
Attn:  Dr.  James  E.  Boyd 
Atlanta,  Georgia 


Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Massachusetts 

Attn;  Prof.  Radford,  Division  3  Head 

Willow  Run  Research  Center 
Cnlversltv  of  Michigan 
Willow  Run  Airport 
Tpsilanti,  Michigan 
Attn:  Dr.  C.  L.  Dolph 

School  of  Engineering 
New  Torlt  University 
University  Heights 
New  York,  New  York 

Shell  Fellowship  Committee  of  the 
Shell  Companies  Foundation,  Inc. 
50  West  50th  Street 
New  York  20,  N.  Y. 
Attn:  Mr.  J.  R.  Janssen 

Esso  Research  and  Engineering  Co, 

P.  0.  Box  51 

Linden,   New  Jersey 

Attn:     Mr.  C.  L.  Brown,   Manager 

Union  Carbide  and  Carbon  Corp. 
30  E.  !i2nd  Street 
New  York  17,   New  York 
Attn:     Mr.  L.  E.  Erlandson 

Convalr 

San  Diego  12,   California 

Attn:     Mr.  MarWn  Stem 

Bell  Telephone  Labs.,    Inc. 
Ii63  West  Street 
New  York  13,   N.  Y. 
Attn:     Dr.  Mervln  J.   Kelly 

Engineering  Library 
UnlTersity  of  California 
b05  Hilgard  Avenue 
Los  Angeles  2U,   California 

Cnnvair,   A  Division  of  General  Dynamics  Corp.   College  of  Engineering 
Daingerfield,   Texas  Dept.  of  Electrical  Engineering 

Attn:     J.  E.  Arnold,    Division  Manager  University  of  Florida 

Gainesville,   Florida 
Convalr,   A  Division  of  General  Dynamics  Corp.  Attn:     Dr.   Sullivan 
San  Diego  12,   California 
Attn:     R.   L.  Bayless,   Chief  Engineer  Dr.   V.  H.   Papadopouloa 

Dept.   of  Engineering 
Convalr,    a  Division  of  General  Djmamics  Corp.  Brown  University 
San  Diego  12,   California  Providence,    R.   I. 

Attn:     K.   J.  Bossart,   Chief  Englneer-WS107A 


Convalr,   A  Div.   of  General  Dynamics 

Corp. 
Fort  Worth  1,   Texas 
Attn:     F.  W.   Davis,   Chief  Engineer 

Convalr,   A  Div.   of  General  Dynamics 

Corp. 
Pomona,  California 
Attn:     C.   D.   Perrlne 

Ass't  Div.  Manager,   Engin. 

Shell  Developnent  Company 

Exploration  and   Production  Res.   Div. 

3737  Bellaire  Boulevard 

Houston  25,   Texas 

Attn:     Hiss  Aphrodite  Mamoulldes 

RCA  Laboratories 
Princeton,   New  Jersey 
Attn:     Dr.   Charles  Polk 

Stanford  Research  Institute 
S.    Pasadena,   California 
Attn:     Dr.   J.  Brandstatten 


5250  Second  Boulevard 
Detroit   2,   Michigan 

ARRA 

1  Bond  Street 

Westbury,   L.    I.,   New  York 

Attn:     Dr.   Norman  Spector 

Varian  Associates 

611  Hansen  Way 

Palo  Alto,   California 

Attn:     Mrs.    Perry  Conway 

Technical  Librarian 

Case  Institute  of  Technology 

Department  of  Electrical  Engin. 

University  Circle 

Cleveland  6,   Ohio 

Attn:     Prof.   Robert  Plonsey 

Dr.   Ming  S.  Wong,    CRRKP 
Air  Force  Cambridge  Research  Center 
Laurence  G.   Hanscom  Field 
Bedford,   Massachusetts 

Physics  Section 
AVCO-RAD  Division 
20  South  Union  Street 
Lawrence,   Mass. 
Attn:     Dr.  Ernest  Bauer 

Advanced  Development  Section 

Western  Developrnent  Labs. 

Philco  Corp. 

3875  Fabian  Way 

Palo  Alto,   California 

Attni     Dr.  Albert  R.   Glddls 

Department  of  Aeronautical  Engineering 

University  of  Mdchigan 

Ann  Arbor,  Michigan 

Attn:  Prof.  Mahlnder  Uberoi 

Gordon  McKay  Laboratory 
Harvard  University 
Cambridge  39,  Mass. 
Attn:  Dr.  S.  R.  Seshadrl 

Commander 

Air  Research  and  Development  Command 

Attn:     RDTR 

Andrews  Air  Force  Base 

Washington  25,  D.  C. 


Major  Vernon  Lee  Dawson 
RSDD-C«L(MO) 
Redstone  Arsenal 
Huntsvllle,  Alabama 

Grumman  Aircarft  Enginee; 
South  Cyster  Bay  Road 
Bethpage,  Long  Island,  N 
Attn:  Dr.  Charles  Mack 


Attn:  Dr.  Karl  "apian 

University  of  California 

Radiation  Laboratory 

P.  0.  Box  B08 

Livermore,  California 

Attn:  Dr.  Bernard  A.  Llppmann 

Department  of  Electrical  Engineering 

Case  Institute  of  Technology 

University  Circle 

Cleveland  6,  Ohio 

Attn:  Professor  Albert  E.  Collin 

Antenna  Laboratory 

Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Massachusetts 

Attn:  Mr.  Philip  Blackstone 

Lt.  Mark  J.  Beran,  CRRD 
Air  Force  Cambridge  Research  <:enter 
Laurence  G.  Hanscom  Field 
Bedford,  Massachusetts 

Mr.  Richard  Mack,  CRRD 
Air  Force  Cambridge  Research  Center 
Laurence  G.  Hanscom  Field 
Bedford,  Massachusetts 

System  Development  Corporation 
2500  Colorado  Avenue 
Santa  Monica,  California 
Attn:  Library 


